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Changes in the thymic microenvironment lead to radiation-induced thymic lymphomagenesis, but the phe- 
nomena are not fully understood. Here we show that radiation-induced chromosomal instability and by- 
stander effects occur in thymocytes and are involved in lymphomagenesis in C57BL/6 mice that have been 
irradiated four times with 1.8-Gy y-rays. Reactive oxygen species (ROS) were generated in descendants of 
irradiated thymocytes during recovery from radiation-induced thymic atrophy. Concomitantly, descendants 
of irradiated thymocytes manifested DNA lesions as revealed by y-H2AX foci, chromosomal instability, an- 
euploidy with trisomy 15 and bystander effects on chromosomal aberration induction in co-cultured ROS- 
sensitive mutant cells, suggesting that the delayed generation of ROS is a primary cause of these phenom- 
ena. Abolishing the bystander effect of post-irradiation thymocytes by superoxide dismutase and catalase 
supports ROS involvement. Chromosomal instability in thymocytes resulted in the generation of abnormal 
cell clones bearing trisomy 15 and aberrant karyotypes in the thymus. The emergence of thymic lymph- 
omas from the thymocyte population containing abnormal cell clones indicated that clones with trisomy 15 
and altered karyotypes were prelymphoma cells with the potential to develop into thymic lymphomas. The 
oncogene Notchl was rearranged after the prelymphoma cells were established. Thus, delayed nontargeted 
radiation effects drive thymic lymphomagenesis through the induction of characteristic changes in intrathy- 
mic immature T cells and the generation of prelymphoma cells. 

Keywords: reactive oxygen species; chromosomal instability; bystander effect; trisomy 15; 
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INTRODUCTION 

Radiation induces thymic lymphomas with nearly 100% in- 
cidence in some wild-type strains of mice, e.g. C57BL 
female mice, after four consecutive irradiations of 1.6-Gy 
X-rays at 4- to 8-day intervals [1]. The lymphomagenic po- 
tential of radiation is elicited by DNA injury to directly 
exposed cells and delayed effects through changes in the 



thymic microenvironment, leading to secondary cell 
damage as a consequence of tissue damage [2-5]. 
Lymphoma development from nonirradiated immature T 
cells in thymuses transplanted into irradiated mice indicates 
that microenvironmental changes are involved in lympho- 
magenesis [6, 7]. Similar microenvironmental effects induce 
leukaemia [8], and mammary [9] and muscle tumours [10]. 
Radiation-induced thymic atrophy [11-13], a characteristic 
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microenvironmental change, is associated with thymic lym- 
phomagenesis based on the fact that lymphomagenesis is 
suppressed through restoration of the thymic cellularity by 
bone marrow transplantation [11, 13]. 

Radiation-induced genetic damage results from condi- 
tions and factors that cause a variety of responses conven- 
tionally associated with direct DNA damage. Phenomena 
induced by indirect radiation effects through microenviron- 
mental changes, the nontargeted effects, include delayed 
chromosomal instability, bystander effects, mutation induc- 
tion and reproductive death [2, 3, 14, 15]. Nontargeted 
effects in vivo [16-19] are suspected to be involved in 
radiation-induced carcinogenesis through mutations and 
karyotypic changes [2, 4, 20, 21]. Genotype-dependent 
chromosomal instability in mouse mammary epithelial 
cells is correlated with susceptibility to mammary tumours 
[18, 22, 23]. Susceptibility to leukaemia/lymphoma is not 
correlated with genomic instability after irradiation [24], 
however, and therefore the role of nontargeted effects in 
tumourigenesis requires simultaneous evaluation of both 
events in identical systems. 

Radiation-induced thymic atrophy is thought to produce 
an inflammatory response, such as the activation of 
inflammatory-type genes, production of cytokines and re- 
active oxygen species (ROS) in the thymus, and an inter- 
action between immature T cells and infiltrated activated 
macrophages and neutrophils [2, 3, 5, 25, 26]. Chromosomal 
instability in vivo is thought to be due to ROS generated by 
radiation-induced inflammation [2, 3, 26]. In fact, delayed 
chromosomal instability is associated with ROS-mediated 
processes [2, 27]. Oxidative metabolism and stress-inducible 
proteins are also implicated in the signalling process of 
bystander effects [2, 14, 15, 27]. Thus, the nontargeted 
effects might reflect inflammatory-type responses to 
radiation-induced stress and injury [14, 28]. Although des- 
cendants of irradiated thymocytes induce ROS in vivo [29], 
it is not known whether the ROS cause chromosomal in- 
stability in thymocytes or whether ROS-mediated chromo- 
somal instability is related to thymic lymphomagenesis. 

Thymic lymphomas develop through the emergence of 
prelymphoma cells and their conversion to overt lymphoma 
[11, 30, 31]. TL2-positive cells injected into thymuses 
induce thymic lymphomas and are therefore considered pre- 
lymphoma cells [30]. Although prelymphoma cells are 
characterized as CD4"CD8" to CD4 + CD8 + cells [30, 31], 
their detailed characteristics and the involvement of nontar- 
geted effects in their formation are not known. 

To clarify the mechanisms underlying lymphomagenesis, 
we examined abnormal events occurring during radiation- 
induced thymic lymphomagenesis. The nontargeted radiation 
effects occurred in the stage of prelymphoma cell generation 
under conditions that produced thymic lymphomas in almost 
100% of C57BL/6 mice irradiated with 1.8 Gy four times 
at 1-week intervals. We show here that ROS-mediated 



nontargeted radiation effects contribute to thymic lymphoma- 
genesis by inducing characteristic changes in immature 
T cells and generating prelymphoma cells. 

MATERIALS AND METHODS 

Irradiation and thymocyte preparation 

All animals were handled according to our institutional 
guidelines. Female 5-week-old C57BL/6J mice were irra- 
diated four times with 1.8 Gy 137 Cs y-rays (RCS-50, Tokyo 
Shibaura, Japan) at 1-week intervals, which resulted in the 
development of thymic lymphomas in almost 100% of the 
mice [1]. Mice were maintained in a specific pathogen-free 
facility for 1 year to monitor thymic lymphomagenesis. To 
examine the thymocyte characteristics, thymocytes were 
isolated 0 (2 h) to 13 weeks after the final irradiation by 
mildly rubbing the thymus with frosted slide glass within 
30 min after the thymuses were isolated and placed in 
Dulbecco's modified Eagle's medium (D-MEM) supple- 
mented with 10% heat-inactivated foetal bovine serum at 
room temperature. The thymocytes were suspended in the 
medium at 4°C until use in the experiments. 

ROS measurement 

Immediately after isolation, the thymocytes (2.5 x 10 6 cells) 
were incubated in 2.5 ml of 5 \iM freshly prepared 
5-(and-6)-chloromethyl-2', 7'-dichlorodihydrofluorescein 
diacetate, acetyl ester (CM-H 2 DCFDA; Molecular Probes, 
Eugene, OR, USA) in phosphate-buffered saline (PBS) for 
30 min at 37°C. After washing once with PBS, the cells 
were suspended in 2.5 ml PBS containing 5 ug/ml propi- 
dium iodide. Fluorescence intensity was analysed in 5 x 10 4 
viable cells by FACSCalibur flow cytometry (BD 
Biosciences, Mountain View, CA, USA). Because ROS 
values fluctuated somewhat between experiments, values 
relative to those in five nonirradiated mice examined simul- 
taneously are shown. 

7-H2AX foci 

Immediately after isolation, the thymocytes (5 x 10 6 cells) 
were fixed with 4% paraformaldehyde in PBS, permeabi- 
lized with 0.5% Triton-X 100 in PBS for 20 min, and then 
blocked with 10% goat serum for 1 h at room temperature 
to eliminate nonspecific antibody binding. The thymocytes 
were treated with 250-fold diluted anti-y-H2AX mouse 
monoclonal antibody (Millipore, Billerica, MA, USA) in 
A-buffer (20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.1% 
Tween20 and 5% non-fat milk) for 2 h at 37°C, and then 
with 80-fold diluted tetramethylrhodamine B isothiocyanate- 
conjugated secondary antibody (Dako Cytomation, Glostrup, 
Denmark) in A-buffer for 1 h at 37°C. The thymocytes 
were washed with PBS three times, and then once with 
0.5% Tween20 in PBS. The number of large y-H2AX foci, 
not nascent small foci, was counted in 100 cells per sample 
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under fluorescence microscopy (AX70, Olympus, Tokyo, 
Japan). 



Cell lines 

The human colon cancer cell line HCT116 bearing a de- 
fective mismatch repair gene, hMLHl [32], was obtained 
from ATCC and stocked at -85°C immediately after 
receipt. XRCC4~'~ cells were isolated from HCT116 cells 
by gene targeting of XRCC4 loci [33]. Confirmation of the 
targeted loci by Southern blotting and western blotting, and 
the sensitivity to DNA damaging agents based on a cell 
survival assay have been described previously [33]. Mouse 
mutant cell lines, Oggl~'~ (OG7L line) cells with deficient 
repair of oxidized base lesions and Mthl~'~ (T5 line) cells 
with deficient hydrolysis of oxidized nucleotides, were 
established from embryos of the respective mutant mice by 
long periods of in vitro culture, as described previously 
[34, 35]. Mutyh~'~ mouse embryo fibroblasts lacking 
adenine/2-hydroxyadenine DNA glycosylase were isolated 
from embryos (13.5 days postcoital) obtained by mating 
Mutyh +I ~ mice («=12, C57BL/6J background), and main- 
tained for 40 passages in D-MEM supplemented with 10% 
heat inactivated foetal bovine serum. Cells that spontan- 
eously immortalized were designated as the Mutyh~'~ 
(Y12L) line. The mutated loci in established cell lines were 
confirmed by genomic polymerase chain reaction (PCR) 
and western blotting, as described previously [34-36], and 
oxidative damage repair deficiency of the OG7L and Y12L 
lines was verified using a nicking assay, as described previ- 
ously [34, 37]. Mthl deficiency was verified using an 
8-oxo-dGTPase assay, as described previously [35]. Once 
cell lines were established, the cells were stocked and used 
for experiments within 1 month after re-culture. 



Chromosomal instability 

To analyse chromosomal instability in vivo and in vitro, 
thymocytes (5 x 10 6 cells) were incubated with 100 ng/ml 
Colcemid in D-MEM for 3 h or cultured with 5 ml 
D-MEM for 48 h with 10 ng/ml phorbol 12-myristate 
13-acetate (PMA; Sigma, St. Louis, MO, USA), 250 ng/ 
ml ionomycin (Calbiochem, San Diego, CA, USA), and 
50 uM 2-mercaptoethanol at 37°C in a humidified 5% 
CO2 atmosphere, and treated with Colcemid for the last 1 
h of the culture [38]. Chromosomes were prepared accord- 
ing to the air-drying method. Forty metaphase cells were 
observed for aneuploidy induction in each sample. 
Chromosomal aberrations were scored on coded slides in 
200 cells per sample according to the ISCN (1995) criteria 
[39]. Translocations, inversions and interstitial deletions 
were omitted from the score due to ambiguity in non- 
banded chromosomes. 



Bystander effects on chromosomal aberration 
induction 

Post-irradiation thymocytes were co-cultured with 
ROS-sensitive or -insensitive human or mouse mutant cell 
lines and the induction of chromosomal aberrations in 
co-cultured mutant cells was examined. Two protocols 
were used; one was co-culture with proliferation stimuli in 
which thymocytes were viable for 48 h, but PMA induced 
chromosomal aberrations. The other was co-culture without 
the proliferation stimuli in which the thymocytes were not 
viable after 24 h, but there were no PMA-induced chromo- 
somal aberrations. Thymocytes (5 x 10 6 ) were co-cultured 
with 10 5 XRCC4~'~ cells for 48 h in D-MEM in the pres- 
ence of PMA, ionomycin and 2-mercaptoethanol. In some 
experiments, 5 x 10 6 thymocytes were co-cultured with 10 5 
XRCC4~'~ cells or mouse Mutyh~'~, Oggl~'~, or Mthl~'~ 
cells for 24 h at 37°C without the proliferation stimuli in 
sodium pyruvate-free D-MEM with a high-concentration 
glucose (Invitrogen, Carlsbad, CA, USA) to avoid 
PMA-induced chromosomal aberrations and minimize the 
reduction of ROS in the medium. To examine the involve- 
ment of ROS in the bystander effect, the co-culture was 
incubated for 24 h with 2 U/ml Cu, Zn-superoxide dismu- 
tase (SOD: Wako Pure Chemical, Osaka, Japan) and 1.8 U/ 
ml catalase (Wako). To examine the effect of immature T 
cells on bystander effects, 5 x 10 6 thymocytes were pre- 
treated for 1 h with 0.3125 ug/ml anti-Thyl.2 antibody 
(Bay Bioscience, Kobe, Japan) at 4°C and then with 
15-fold diluted rabbit anti-mouse complement (Cedarlane, 
Burlington, Canada) for 1 h at 37°C to kill the 
Thyl-2-positive cells. Treated thymocytes were co-cultured 
with 10 5 XRCC4~'~ or Mutyh~'~ cells for 24 h at 37°C. 
Chromosomal aberrations were scored in 100 metaphase 
cells per sample. The mean numbers of chromosomes in 
XRCC4~'~, HCT116, Mutyh~'~, Oggl~'~, and Mthl~'~ cells 
were 45.3, 45.1, 74.3, 78.2 and 80, respectively. The fre- 
quency of chromosomal aberrations was calculated on a per 
cell basis. 

H 2 0 2 treatment 

Nonirradiated thymocytes were cultured with the prolifer- 
ation stimuli for 24 h at 37°C, treated with 0 to 200 uM 
H2O2 for 1 h, and then cultured with catalase for 31 h or 
39 h in the presence of the proliferation stimuli to progress 
through one or two cell cycles. The induction of chromo- 
somal aberrations or aneuploidy was examined in 100 first- 
cycle or second-cycle metaphases, respectively. To examine 
the induction of abnormal chromosome segregation by 
ROS, HCT116 cells grown on a chamber slide were treated 
with 0-20 11M H 2 0 2 in PBS for 30 min at 37°C, washed 
and grown in the medium at 37°C for 4-6 h. The cells 
were fixed in situ with methanol-acetic acid (5:1, v:v) for 
15 min and stained with Giemsa for 10 min. Abnormal 
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anaphase cells with chromatid bridges and/or lagging chro- 
matids were examined in 50 to 100 cells at each post- 
treatment time. To examine the causal relationship between 
aneuploidy induction and the induction of chromatid 
bridges and lagging chromatids, HCT116 cells were grown 
for two cell cycles (22 h) after treatment with H2O2. 
Chromosomes were prepared after 1-h Colcemid treatment 
and counted in 100 metaphase cells. 

Fluorescence in situ hybridization 

Probes for chromosome 15 (Spectral Imaging, Tokyo, 
Japan) or chromosomes 1-7, 8-14 or 15-Y (Cambio, 
Cambridge, UK) were applied to the slides, denatured at 
74°C for 4 to 8 min, and then incubated at 37°C for 18 
h. The slides were washed and counterstained with DAPI 
in antifade reagent (Invitrogen) according to the manufac- 
turer's instructions. To detect trisomy 15 or karyotypic 
changes, 50 metaphase cells were observed directly, or 10 
to 50 metaphase cells were photographed using a CCD 
camera with IPLab software (Photometries, Tucson, AZ, 
USA). The composite karyotype was constructed according 
to the ISCN (1995) [39]. 

Flow cytometry 

Expression of Thy 1.2 was analysed in 5 x 10 4 thymocytes 
treated with phycoerythrin-conjugated anti-Thyl.2 antibody 
(BD Biosciences) by FACSCalibur Flow Cytometry (BD 
Biosciences). 

Notchl rearrangement 

Notchl deletions in the whole locus were examined in 
thymic lymphomas by PCR as described previously [40, 
41]. In thymocytes, only deletions at the 5'-end region 
between positions 4926 and 16 674 or between 8191 and 
16 674 were detected [40]. Their frequencies were exam- 
ined by nested PCR, as described previously [40]. 

Cell clonality 

PCR was conducted with TCRfi primers, Dl in the diversity 
region and J 1.6 in the joining region, or D2 and J2.6, or Dl 
and J2.6, and 0.5 ug DNA (equivalent to 10 5 cells) as 
described previously [42]. When the intensities of the recom- 
bination products in the electrophoresis gel were approxi- 
mately equal to those in nonirradiated thymocytes, 
thymocytes were judged to be non-clonal. When one product 
was more intense than the other products, the thymocyte 
population was regarded as a partial clone. One product 
alone or several products observed without the background 
bands were regarded as mono-clones or oligo-clones, respect- 
ively. Germline bands were excluded from judgement. 
At least 10 mice were used to determine the percentage of 
clone-bearing thymuses at each post-irradiation week. 



DNA sequencing 

After electrophoresis, rearranged Notchl fragments and 
TCRP recombinants were purified using a Gene Cleanll kit 
(BIO 101, Carlsbad, CA, USA) and directly sequenced by 
the dye-termination method with a Prism 710 sequencer 
(Applied Biosystems, Foster, CA, USA). 



Prelymphoma assay 

C57BL/6 thymocytes (2 x 10 6 cells) isolated 6 to 10 weeks 
after irradiation were injected intrathymically in 3.79-Gy- 
irradiated C57BL/6 mice expressing enhanced green fluores- 
cent protein (C57BL/6-EGFP) as described previously [30]. 
The recipient mice were pre-irradiated to facilitate the 
development of thymic lymphomas from the prelymphoma 
cells in the injected thymocytes. Mice were maintained for 1 
year in a specific pathogen-free facility to monitor thymic 
lymphomas. The lymphoma origin was determined by the 
presence or absence of the EGFP gene by PCR. PCR was 
performed with primers, Fl-2 (5 ' -TACAACTACAACAGC 
CACAACGTC-3') and Rl-2 (5 ' -TCCAGCAGGACCATGT 
GATCGC-3'), 0.1 ug genomic DNA, and Ex Taq polymerase 
(Takara bio, Ohtu, Japan) for 28 cycles of 94°C for 30 s, 58° 
C for 30 s and 72°C for 2 min. 



Statistical analysis 

The difference between the mean value ± standard deviation 
in control nonirradiated mice and irradiated mice was statis- 
tically analysed using a f-test. A P value of less than 0.05 
was considered statistically significant. 



RESULTS 

Radiation-induced thymic atrophy and ROS 
induction in thymocytes 

Thymic cellularity in C57BL/6 mice was decreased for 6 
weeks after four consecutive whole-body irradiations of 
1.8-Gy y-rays and then returned to just below normal levels 
at Week 8 (Fig. 1A). The proportion of Thyl.2-positive 
cells in the thymuses was slightly decreased, but still 
remained high during the stage with decreased thymic 
cellularity (Fig. IB). 

ROS production was monitored by incubating the thymo- 
cytes with CM-H 2 DCFDA, which is stably retained in the 
cells and fluoresces after oxidation. ROS levels increased 
by Week 2 in post-irradiation thymocytes, and further 
increased after 8 weeks (Fig. 1C). The decrease in ROS 
levels at 0 weeks (2 h after irradiation) might represent 
a weak reaction of cells attempting to convert the 
CM-H 2 DCFDA to a fluorescent material as a consequence 
of direct radiation insult. 
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Weeks after irradiation Weeks after irradiation Weeks after irradiation 

Fig. 1. Radiation-induced thymic atrophy and ROS induction in post-irradiation thymocytes. Open circles and closed circles with bars 
indicate individual mouse data and mean values ± standard deviations, respectively. Asterisks indicate significant differences in mean 
values between control and irradiated mice [/-test, P<0.05 (*), 0.01 (**) and 0.001 (***)]. Broken lines indicate baseline levels. 
(A) Thymic cellularity after split-dose irradiations. The left and right 'C's show values in 8- and 18-week-old nonirradiated mice, 
respectively. (B) Percentage of Thyl.2-positive cells in thymuses after irradiation. (C) Induction of ROS in post-irradiation thymocytes. 
ROS values relative to those in control thymocytes are shown. 



Induction of DNA lesions and chromosomal 
instability in post-irradiation thymocytes 

The delayed ROS production suggested that thymocytes 
accumulated ROS-mediated DNA damage, so we examined 
the induction of y-H2AX foci, as a marker of DNA lesions 
(Fig. 2A). The number of y-H2AX foci increased immedi- 
ately (2 h) after irradiation, due to radiation-induced direct 
DNA damage and then decreased to baseline by Week 
4. At 6 to 13 weeks after irradiation, the foci levels were 
significantly increased. Thus, the induction of DNA lesions 
was coincident with the induction of ROS in post- 
irradiation thymocytes. 

Delayed induction of ROS and DNA lesions suggested 
that chromosomal instability could be induced in post- 
irradiation thymocytes. We examined numerical and struc- 
tural chromosomal abnormalities in thymocytes after in 
vitro culture for 48 h with PMA, ionomycin and 2- 
mercaptoethanol. Aneuploidy was significantly induced, 
based on the mean aneuploidy, in post-irradiation thymo- 
cytes, while the frequencies were widely distributed 
(Fig. 2B). Aneuploidy was also observed in the majority of 
thymic lymphomas. Most aneuploid thymocytes and 
thymic lymphomas contained 41 chromosomes (see 
Supplementary Table 1). 

To confirm that aneuploidy was an intrinsic characteristic 
of post-irradiation thymocytes, and not a PMA-induced arte- 
fact, the chromosome number was compared between thy- 
mocytes incubated with Colcemid for 3 h and thymocytes 
cultured with PMA, ionomycin and 2-mercaptoethanol for 
48 h. Percentage aneuploidy in post-irradiation thymocytes 
prepared from eight mice was exactly the same between the 
two conditions (see Supplementary Table 2), indicating that 
aneuploidy was an intrinsic characteristic of post-irradiation 
thymocytes. Aneuploidy occurred in immature T cells because 



most post-irradiation thymocytes were Thyl.2-positive (c.f. 
Fig. IB). 

To examine the causal relationship between ROS induc- 
tion and aneuploidy induction, nonirradiated thymocytes 
were treated with H2O2 in medium for 1 h, and cultured for 
two cell cycles (Fig. 2C). H2O2 induced aneuploidy in a 
dose-dependent manner, suggesting that the ROS induced 
aneuploidy in thymocytes. The possibility was strengthened 
by the fact that H2O2 induced lagging chromatids and chro- 
matid bridges at anaphase in the first cell cycle in HCT116 
cells (see Supplementary Fig. 1A and B), which was fol- 
lowed by an increase in the proportion of aneuploid cells in 
the second cell cycle (see Supplementary Fig. 1C). 

Aneuploid thymocytes bear trisomy 15 [38] and thus 
trisomy 15 in thymocytes was examined by chromosome 
15 painting (Fig. 2D and Table 1). The percentage of 
trisomy 15 was similar to the percentage of aneuploidy, 
suggesting that most aneuploid cells contained trisomy 15. 

Delayed structural chromosomal abnormalities were also 
induced in post-irradiation thymocytes cultured with prolif- 
eration stimuli (Fig. 2E and F). The frequent chromosomal 
aberrations observed at 0 weeks (2 h) were due to direct ra- 
diation damage. The majority of aberrations 6 to 13 weeks 
after irradiation were chromatid-type aberrations (see 
Supplementary Table 3), indicating that aberrations were 
generated during the ongoing cell cycle. 

PMA is a potent inducer of chromosomal aberrations 
[43], so it is uncertain whether the chromosomal aberrations 
observed in thymocytes cultured with PMA were due to 
chromosomal instability or to the PMA. We examined aber- 
ration frequencies in thymocytes incubated with Colcemid 
for 3 h in the absence of the proliferation stimuli. 
Aberrations were induced at a significantly higher fre- 
quency in post-irradiation thymocytes than in similarly 
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Weeks after irradiation Weeks after irradiation dose (uM) 




Fig. 2. Delayed induction of y-H2AX foci and chromosomal instability in post-irradiation thymocytes. Symbols are the 
same as those in Fig. 1 except that in (A), open squares and closed squares indicate individual irradiated mouse data and 
mean values ± standard deviations, respectively. Open circles and closed circles indicate individual control mouse data and 
mean values ± standard deviations, respectively. TL, thymic lymphoma. (A) Delayed induction of y-H2AX foci after 
irradiation. (B) Delayed appearance of aneuploidy after irradiation. (C) Induction of aneuploidy by H 2 0 2 in thymocytes. 
(D) Trisomy 15 in a thymocyte 8 weeks after irradiation. Bar, 10 um. (E) Chromatid break (arrow) in a thymocyte 8 weeks 
after irradiation. Bar, 10 um. (F) Delayed induction of chromosomal aberrations in post-irradiation thymocytes cultured 
with proliferative stimuli for 48 h. (G) Induction of chromosomal aberrations in vivo in thymocytes 8 weeks after 
irradiation. 



treated nonirradiated thymocytes (Fig. 2G). Thus, delayed 
chromosomal instability was an in vivo characteristic of 
post-irradiation thymocytes. 

To clarify the involvement of ROS in structural chromo- 
somal abnormalities, nonirradiated thymocytes were treated 
with 50-200 uM H2O2 and grown for one cell cycle. H2O2 
induced chromosomal aberrations in a dose-dependent 
manner (see Supplementary Fig. 2), supporting the causal 
relationship between ROS and chromosomal instability. 

Bystander effects of post-irradiation thymocytes 
on chromosomal instability 

The delayed chromosomal instability suggested that post- 
irradiation thymocytes produced clastogenic factors. To 
examine the bystander effects of such factors on the induc- 
tion of chromosomal aberrations, DNA double-strand break 



repair-deficient and H2C>2-sensitive human XRCC4~ ~ cells 
were co-cultured with post-irradiation thymocytes with pro- 
liferation stimuli. While co-culture with nonirradiated thy- 
mocytes had no effect, co-culture with thymocytes prepared 
immediately after irradiation (2 h) had a significant effect 
(Fig. 3A), possibly due to some clastogenic factors gener- 
ated by direct radiation effects. Bystander effects were 
delayed in post-irradiation thymocytes 4 to 13 weeks after 
irradiation. 

To examine whether the bystander effect was induced by 
ROS or ROS-reacted products, XRCC4~'~ cells or Mutyh~'~ 
cells with deficient repair of oxidized base lesions were 
co-cultured with thymocytes for 24 h in the presence of 
SOD and catalase, but without proliferation stimuli 
(Fig. 3B and C). Post-irradiation thymocytes induced 
chromosomal aberrations in both cell lines, indicating that 



Table 1. Characterization of thymocytes injected intrathymically and resultant thymic lymphomas 



Mice 



Characteristics of injected thymocytes 



No. of TLs/ 
No. of mice 
injected* 1 



Presence TCRfi % aneuploidy „ b 

of clones rearrangement" (% trisomy 15) 



Notchl 

rearrangement 
(fold)' 



Characteristics of resultant thymic lymphomas 



TCRfi Aneuploidy „ Notchl 

l ■ Karyotype , e 

rearrangement (tnsomyl5) rearrangement 



8w-14 Oligo D2/J2.3, D2/ 75 (87) 
J2.5 



8w-17 Oligo 
8w-13 Partial 
6w-9 Partial 



8w-16 Partial 

10w-3 Oligo 

10w-l ? 

6w-10 ? 

10w-4 - 

6w-7 - 

8w-15 - 

10w-2 - 



D1/J1.4, D2/ 75 (76) 
J2.2, D2/J2.7 



D1/J1.4, D2/ 
J2.3 

Dl/Jl.l, D2/ 
J2.4 



10w-7 Partial D1/J1.3 



Dl/Jl.l, D2/ 
J2.4 

D1/J1.4, D2/ 
J2.3, D2/J2.5 

germline 
sequence 

germline 
sequence 



38 (44) 

35 (23) 

8(8) 

23 (16) 

68 (43) 

28 (38) 

8(4) 

13 (4) 
33 (ND) 
13 (ND) 
5(0) 



40, -X, +15, der(3)t 1 
(3;6), der(6)t(6;18), 
der(12)t(12;16), der 
(18)t(3;18)[3/14] 

41, del(X), +der(X)t 2 
(X;15)[9/10] 

ND 13 
ND 2 
40, i(15), t(l;12)[2/34] 1 



ND 



ND 



41, +15, t(2;12)[l/35] 1 



ND 



ND 
ND 
ND 
ND 



4/4 

4/4 

4/5 

5/5 

4/4 

5/6 

4/5 

4/5 

3/5 

1/4 
1/6 

0/4 
0/4 



the same as 1/4 (3/3) conserved 4/4 
thymocyte 



the same as 
thymocyte 

the same as 
thymocyte 

the same as 
thymocyte 

the same as 
thymocyte 

the same as 
thymocyte 

D2/J2.5 



4/4 (3/3) 
2/2 (2/2) 
4/4 (3/3) 
4/4 (3/3) 
1/5 (0/3) 
0/4 (0/2) 



3/3 (3/3) 



conserved 4/4 

ND 2/3 

ND 4/5 

conserved 2/4 

ND 3/5 

ND 4/4 



2/4 (2/2) conserved 4/4 



ND 



3/3 



1/1 (1/1) ND 1/1 
0/1 (0/1) ND 1/1 



Continued 



Table 1. Continued 



Mice 



Characteristics of injected thymocytes 



No. of TLs/ 
No. of mice 
injected 11 



Characteristics of resultant thymic lymphomas 



Presence TCRp % aneuploidy „ b 

of clones rearrangement" (% trisomy 15) 



M>teW TO?/? Aneuploidy v Notchl 

rearrangement , . *„ Karyotype „ 

(fold)' rearrangement (trisomy 15) rearrangement 



10w-5 - 
10w-6 - 
6w-8 - 



10(0) 
3 (0) 
0(4) 



ND 
ND 
ND 



0/5 
0/5 
3/5 



D2/J2.1, D2/ 0/3(0/1) 
J2.3 



ND 



3/3 



J The minus (-) symbol indicates similar profiles of TCRfi rearrangements between irradiated and nonirradiated mice. Others indicate clones with rearrangements between the 
designated regions. 

b Karyotype is shown in order of chromosome number, loss or gain of chromosomes, derivative chromosomes and the number of cells with the indicated karyotype/the 
number of cells examined. The derivative chromosomes with a plus symbol indicate the addition of derivative chromosomes accompanied by two normal chromosomes and 
those with no sign indicate the substitution of one normal chromosome with the derivative chromosome. 

^Notchl rearrangements occurring between the hotspots are shown as fold increase compared with those in nonirradiated mice. Thymocytes bearing rearrangements at over 
10-fold frequency existed as clones. 

d Thymocytes (2 x 10 6 cells) 6-10 weeks after irradiation were injected intrathymically in 3.79-Gy-irradiated EGFP + mice. Origin of thymic lymphomas (TL) was determined 
by examining the presence or absence of the EGFP gene by PCR. 

e Aneuploidy, trisomy 15 and Notchl rearrangements are shown as the number of lymphomas with indicated events/the number of lymphomas examined. Notchl was 
rearranged between the hotspots at the 5 '-end region in lymphomas except that three rearrangements in 8w-16 and 6w-10 lymphomas occurred at the juxtamembrane 
extracellular domain. 
ND, not done. 
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Fig. 3. Delayed induction of bystander effects in cells co-cultured with post-irradiation thymocytes. Symbols are the same as those in 
Fig. 1. (A) Bystander effect of post-irradiation thymocytes on chromosomal aberration induction in co-cultured XRCC4~'~ cells. 
Aberrations are indicated as net increases. 'C indicates the values in XRCC4~'~ cells co-cultured with nonirradiated thymocytes. (B and 
C), Abolishment of bystander effects of post-irradiation thymocytes by SOD and catalase in co- cultured XRCC4''- (B) or Mutyh' 1 - cells 
(C). Mutant cells were cultured without thymocytes (Control), with post-irradiation thymocytes 13 weeks after irradiation (+ thymocytes) 
or with post-irradiation thymocytes in the presence of SOD plus catalase (+ SOD + catalase) for 24 h. (D-F), Bystander effects of 
post-irradiation thymocytes in HCT116 (D), OGGl' 1 ' (E) and Mthr'~ cells (F). Cells were co-cultured with control thymocytes or 
post-irradiation thymocytes at Week 8 for 24 h. (G and H) Abolishment of the bystander effect of post-irradiation thymocytes by 
complement treatment in XRCC4~'~ (G) and Mutyh~~ cells (H). The cells were co-cultured with control thymocytes or post-irradiation 
thymocytes at Week 10. Thymocytes were pre-treated with anti-Thyl.2 antibody and complements (+ complement). 



the bystander effect was an intrinsic characteristic. 
Treatment with SOD and catalase significantly decreased 
the aberration frequency in both cell lines, suggesting that 
the bystander effect was due to ROS or their reacted 
products. 

We then examined whether the bystander effect of post- 
irradiation thymocytes was detectable in other cell lines and 
whether the bystander effect was attributable to immature T 
cells or other cell types in the thymus. Chromosomal aber- 
rations were significantly induced in co-cultured Oggl~'~ 
cells with deficient repair of oxidized base lesions (Fig. 3E) 
and Mthl~'~ cells with deficient hydrolysis of oxidized 



nucleotides (Fig. 3F), but not in mismatch repair-deficient 
HCT116 cells (Fig. 3D). When immature T cells were 
depleted by pre-treatment with anti-thyl.2 antibody and 
complements, bystander effects of thymocytes were abol- 
ished in co-cultured XRCC4~'~ cells (Fig. 3G) and 
Mutyh~'~ cells (Fig. 3H), indicating that the bystander 
effects were due to immature T cells. 

Notchl rearrangements 

Thymic lymphomagenesis is accompanied by the activation 
of Notchl by rearrangements [41, 44] or mutations. We 
therefore examined intragenic Notchl deletions between 
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hotspots using nested PCR. Radiation-induced deletions 
were detected in some mice at 10- to 100-fold frequencies 
compared with background (Fig. 4). Those sequences were 
identical (see Supplementary Table 4), suggesting that cells 
with identical deletions expanded clonally. 



Appearance of clones and generation 
of prelymphoma cells 

The appearance of thymocytes bearing trisomy 15 or 
Notchl rearrangements suggested that abnormal clones 
emerged in the thymocyte population after irradiation. To 
more clearly demonstrate clonality, we conducted PCR of 
the TCR/3 locus in post-irradiation thymocytes (Fig. 5A). 
All the recombination products were observed with similar 
intensities among nonirradiated mice and mice immediately 
after irradiation (0 weeks; Fig. 5B). In contrast, intensities 
of some products observed 2 to 10 weeks after irradiation 
were stronger than those in nonirradiated mice. Sequencing 
of typical intense bands revealed that one rearranged 
sequence was predominant in each individual (see 
Supplementary Table 5), suggesting that cells bearing a 
particular rearrangement expanded clonally. We divided the 
thymuses into non-clones, partial clones, oligo-clones and 
mono-clones. Post-irradiation thymocytes displayed clonal- 
ity (Fig. 5C); partial clones were predominant in the early 
weeks of post-irradiation, and oligo-clones and mono- 
clones increased in later weeks. 




_i i i i i i i 

C 0 2 4 6 8 10 

Weeks after irradiation 



Fig. 4. Induction of intragenic deletions in Notchl gene after 
irradiation. Dotted lines, circles, closed circles, and squares 
indicate the background frequency, individual mouse data, clones 
with identical rearrangements and mean deletion frequencies, 
respectively. 



To determine whether these clones were prelymphoma 
cells, we injected post-irradiation thymocytes into the thy- 
muses of irradiated mice to assess lymphoma development. 
All TCR/3 rearrangements in the resultant thymic lymph- 
omas were identified as derivatives of those of the injected 
thymocytes (Fig. 5D). 

The identification of prelymphoma cells, characteristics 
of injected thymocytes and resultant thymic lymphomas are 
summarized in Table 1. Thymic lymphomas developed 
from injected post-irradiation thymocytes, indicating that 
the injected thymocytes contained prelymphoma cells. All 
thymocyte populations bearing clones had a strong ability 
to develop thymic lymphomas. Sequencing revealed that 
the TCR/3 rearrangements in the resultant lymphomas were 
identical to those in the injected thymocytes (see 
Supplementary Table 5), indicating that thymic lymphomas 
derived from the clones. Thus, most of the clones contained 
prelymphoma cells except for 10w-3 clones bearing rear- 
rangements between Dl and J1.4 or between D2 and J2.3. 
Thymic lymphomas derived from 10w-l and 6w-10 thymo- 
cytes possessed the germline TCR/3 sequence. We did not 
judge the clonality of clones with the germline sequence. 
Six of seven other thymocyte populations without clones 
had only weak ability to develop into lymphomas (10w-4 
and 6w-7) or did not contain prelymphoma cells (8w-15, 
10w-2, 10w-5 and 10w-6). Only one population without 
clones (6w-8) contained prelymphoma cells that developed 
into lymphomas bearing TCR/3 rearrangements. Because the 
TCR/3 rearrangement sequences were identical among 6w-8 
lymphomas (see Supplementary Table 5), prelymphoma 
cell clones with identical TCR/3 rearrangements were 
judged to exist in the thymocyte population, but could not 
be detected as a clone due to the small number. 

Six of seven (86%) of the thymocyte populations with 
clones had high frequencies of trisomy 15 and resultant 
thymic lymphomas also possessed trisomy 15, except for 
8w-16 and 10w-3 lymphomas. In contrast, none of the 
thymocyte populations without clones (10w-4, 10w-2, 
10w-5, 10w-6 and 6w-8) exhibited trisomy 15, while 33% 
(1/3) of their thymic lymphomas showed trisomy 15. In 
addition, none of the three thymocyte populations bearing 
no prelymphoma cells (10w-2 10w-5 and 10w-6) possessed 
trisomy 15. These findings suggested that the acquisition of 
trisomy 15 contributed to thymic lymphomagenesis, al- 
though there were other pathways in which trisomy 15 was 
not involved or trisomy 15 was acquired after prelymphoma 
cells were established. 

All four thymocyte populations examined showed karyo- 
typic changes. Identical alterations were conserved in the 
resultant thymic lymphomas (see Supplementary Fig. 2), 
indicating that cells bearing the specific karyotypes were 
prelymphoma cells. The frequency of thymocytes bearing 
the specific karyotype was relatively high in thymocyte 
populations containing oligo-clones, e.g. 3 of 14 cells in 
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Fig. 5. Clonality revealed by TCR/3 recombination. (A) Primer pairs used for PCR. (B) Examples of electrophoresis patterns of TCR/3 
recombination in post-irradiation thymocytes. The 0w-10w above the figures indicates thymocytes 0-10 weeks after irradiation. Clonality 
is shown below the figures as partial clones (P), oligo-clones (O) and mono-clones (M). (C) Appearance of clones after irradiation. Open 
squares, open circles and closed circles indicate partial clones, oligo-clones plus mono-clones and total clones, respectively. (D) 
Examples of TCRP recombination profiles in thymocytes and their derived thymic lymphomas (TL). Interstitial bands between germline 
and D2/J2.1 bands in 6w-8 lymphomas and those between D2/J2.3 and D2/J2.5 in 8w-14 and 10w-3 thymocytes are artificial hybrid 
bands produced by PCR. Clonality is shown below the figure. In (B) and (D), recombination profiles between Dl and J2.6 are not 
shown. 



8w-14 and 9 of 10 cells in 8w-17, while the frequency was 
low in thymocyte populations bearing partial clones or non- 
clones, e.g. 2 of 34 cells in 10w-7 and 1 of 35 cells in 
10w-l, suggesting that the clones themselves were prelym- 
phoma cells. 

Most of the thymic lymphomas bore Notchl rearrange- 
ments, but the rearranged sequences differed among the re- 
sultant lymphomas and from those in thymocytes (see 
Supplementary Tables 4 and 6). Thus, Notchl was rear- 
ranged after intrathymic injection of thymocytes, i.e. after 
prelymphoma cells were established. 

DISCUSSION 

The findings of the present study indicated that radiation 
caused thymic atrophy, and delayed induction of ROS, 
DNA lesions, chromosomal instability and bystander 



effects; as well as the generation of prelymphoma cells in 
intrathymic immature T cells of C57BL mice during 
radiation-induced thymic lymphomagenesis. Although by- 
stander effects were not known to occur in vivo in the 
present study, other effects representing the intrinsic in vivo 
characteristics of post-irradiation immature T cells were 
induced in vivo. The delayed occurrence of these phenom- 
ena indicates that the events were not induced by direct ra- 
diation effects, but rather by indirect radiation effects, 
suggesting the involvement of microenvironmental 
changes, e.g. thymic atrophy. Microenvironmental changes 
generate inflammatory conditions [4, 5]. Radiation-induced 
thymic atrophy, a characteristic condition leading to thymic 
lymphomagenesis [11, 12], is thought to produce an inflam- 
matory condition, including production of ROS in the 
thymus by redox-mediating enzymes activated during in- 
flammation [25, 45]. Thus, the nontargeted effects described 
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here might reflect inflammatory-type responses to 
radiation-induced stress and injury [14, 28]. 

Increased ROS in immature T cells are thought to induce 
DNA damage. The occurrence of the nontargeted effects 
coincides with the stage of ROS induction, suggesting that 
intracellular and extracellular ROS are primary causes of 
these nontargeted effects. The following findings support 
this notion: (i) H2O2 induced aneuploidy and chromosomal 
aberrations in thymocytes; (ii) bystander effects of thymo- 
cytes were observed in co-cultured, ROS-sensitive mutant 
cells; and (iii) treatment of thymocytes with catalase and 
SOD abolished the bystander effects. Therefore, our scen- 
ario of radiation induction of thymic lymphomas is that ra- 
diation causes microenvironmental changes, such as thymic 
atrophy. The change might induce inflammatory conditions 
leading to ROS production, which results in the induction 
of nontargeted effects, such as chromosomal instability and 
bystander effects. Delayed chromosomal instability induces 
aneuploidy and karyotypic changes in immature T cells. 
Immature T cells with an altered karyotype expand clonally 
and eventually become prelymphoma clones that convert to 
overt thymic lymphomas after activation of the oncogene 
Notchl by rearrangement. Thus, chromosomal instability 
drives radiation-induced thymic lymphomagenesis through 
the induction of characteristic changes of immature T cells 
and the generation of prelymphoma cells, consistent with 
reports that increased ROS cause thymic lymphomas by in- 
ducing chromosomal instability in Atm~'~ [46] and p53~'~ 
mice [47]. If the chromosomal instability is caused by ROS 
or their reacted products, it would be due to either ROS 
produced by the cells themselves or bystander effects 
through ROS or ROS-reacted products produced by the sur- 
rounding cells. 

How do ROS induce chromosomal instability? 
8-Oxoguanine is a major oxidative base lesion in DNA or 
nucleotides. 8-Oxoguanine accumulates in the nuclear 
DNA and mitochondrial DNA of Oggl~'~ cells exposed to 
ROS -generating agents and single-strand DNA breaks are 
generated during S phase through the MUTYH function 
[34]. Our data indicate that chromosomal aberrations are 
induced in Oggl~'~ cells by co-culture with post-irradiation 
immature T cells. These findings suggest that ROS in post- 
irradiation immature T cells promote the generation of 8- 
oxoguanine in either the nucleotide pool or DNA, thereby 
increasing the accumulation of 8-oxoguanine in DNA 
during replication, which in turn leads to the accumulation 
of single-strand breaks or even double-strand breaks. In this 
scenario, radiation-induced ROS are expected to cause 
chromosomal instability through the accumulation of 8- 
oxoguanine in DNA. Increased ROS cause the accumula- 
tion of 8-oxoguanine in DNA and induce mutation [47]. 
Preliminary measurement of 8-oxoguanine in DNA based 
on the binding of avidin with 8-oxoguanine in DNA [48] 
indicated significant accumulations of 8-oxoguanine in 



post-irradiation thymocytes 13 weeks after irradiation (un- 
published data). Detailed analyses of the presence of 8- 
oxoguanine in DNA post-irradiation are needed. 

Aneuploidy is a predisposing factor for carcinogenesis 
[20, 21]. Defects in the mitotic spindle checkpoint and 
sister-chromatid separation pathway or formation of the 
anaphase bridge result in high chromosome loss rates and 
aneuploidy [21, 49]. Aneuploidy might be induced by 
radiation-induced ROS through the above two pathways, 
because ROS, on the one hand, decrease activity in ana- 
phase promoting complexes [50] to ubiquitinate securin, 
which induces a lagging chromatid due to incorrect 
microtubule-kinetochore attachment, and, on the other 
hand, cause chromatid exchanges leading to anaphase 
bridges in thymocytes (as revealed by the induction of 
chromatid exchanges 6 to 10 weeks after irradiation; see 
Supplementary Table 3). Because mis-segregation of chro- 
mosomes in mitosis occurs randomly [51], the increase in 
trisomy 15 -bearing cells after irradiation is due to selective 
expansion after generation. Comparison of phenotypes 
between injected thymocytes and resulting thymic lymph- 
omas indicated that the acquisition of trisomy 15 is an im- 
portant step in lymphomagenesis; that is, the establishment 
of prelymphoma cells and development of thymic lymph- 
omas, although there are also various minor pathways. In 
contrast to the role of aneuploidy in solid tumours, in 
which several chromosomes participate in aneuploidy and 
karyotypic imbalance is involved [52], the role of aneu- 
ploidy of the specific chromosome in lymphomagenesis is 
probably due to specific genes located on the chromosome, 
i.e. the Myc gene [12]. 

Abolishment of bystander effects in mutant cells 
co-cultured with T cell-depleting thymocytes indicates that 
the main effectors are immature T cells. This does not 
exclude the possibility that activated macrophages and neu- 
trophils function in the bystander effect by interacting with 
immature T cells. These cells observed in inflammatory 
conditions are likely sources of bystander signals [16, 19, 
28]. It is not known whether increased ROS are due to 
alterations of immature T cells or an interaction between 
immature T cells and surrounding cells. 

Although the present study suggests ROS induction by 
indirect radiation effects, direct effects cannot be excluded 
because the mice received whole-body irradiation. To dis- 
tinguish these effects, we transplanted nonirradiated wild- 
type thymuses into irradiated scid mice and measured ROS 
levels in transplanted thymuses. Thymic hypoplasia, ROS 
induction and lymphoma development sequentially oc- 
curred in transplanted thymuses (unpublished data), indicat- 
ing that ROS induction in nonirradiated thymocytes is due 
to an indirect effect of radiation. 

Characterization of prelymphoma cells will contribute to 
a better understanding of the process of radiation-induced 
thymic lymphomagenesis. The abnormal characteristics of 
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TL2-positive prelymphoma cells, such as aneuploidy or 
karyotypic changes, are not known [30, 31]. Although im- 
mature T cell clones with identical TCR/3 rearrangements 
are suspected prelymphoma cells [12, 29], this has not been 
confirmed. We show that these clones bearing an altered 
karyotype are prelymphoma cells. Because even cells 
without TCR/3 rearrangements become prelymphoma cells, 
the TCR/3 rearrangements themselves might not elicit neo- 
plastic potential. Instead, they might be a hallmark of 
expanded prelymphoma clones. We could not examine 
their phenotypes in detail because of difficulties in isolating 
them. The ability to isolate prelymphoma cells using an ad- 
equate marker is needed to characterize these cells in 
further detail. 
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